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We have performed electrical resistivity measurements of a polycrystalline sample of 
FeSeo.25Teo.75, which exhibits superconductivity at Tc ^ 14 K, in magnetic fields up to 
55 T to determine the upper critical field /ioi?c2- In this compound, very large slopes of 
fJ'oHc2 at the onset, the mid-point, the zero-resistivity temperatures on superconductivity 
are determined to be —13.7, —10.1, and —6.9 T/K, respectively. The observed fioHc2{T)s of 
this compound are considerably smaller than those expected from the Wcrthamer-Helfand- 
Hohenberg model, manifesting the Pauli limiting behavior. These results suggest that this 
compound has a large Maki parameter, but it is smaller than that calculated for a weak- 
coupling superconductor, indicating a large superconducting gap of this compound as a 
strong-coupling superconductor. 
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Recent discovery of superconductivity at Tc = 26 K in the iron-based LaFeAsOi-i^F^;^ 
(abbreviated as the 1111-system) has attracted a considerable attention of condensed matter 
scientists due to an unusual interplay of superconductivity and magnetism arising from ubiq- 
uitous magnetic element Fe. In general, it has been beheved that materials containing the 
magnetic elements are difficult to occur the superconductivity. By substitution of La atoms 
for other lanthanoid atoms, Tc increases with increasing lanthanoid atomic number and shows 
a maximum value of Tc = 55 K for Sm atoms. As well as the Cu02 layers in the high-Tc 
cuprate superconductors, the Fe-Pn {Pn = P, As) layers in iron oxypnictides are responsible 
for the superconductivity, and the Ln-0 [Ln = lanthanoid) layers provide charge carriers. 
The electrical structure of a high-Tc cuprate superconductor has been explained by the single 
band model, but it is difficult to understand the mechanism of its superconductivity due to 
the strongly electron correlation effects. While the electron correlation on an iron-based su- 

*E-mail: kida@mag.cqst.osaka-u.ac.jp 



1/8 



J. Phys. Soc. Jpn. Letter 

pcrconductor is thought to be much weak, wc have to consider the multi-band effects of Fe 3d 
orbitals. Thus, the mechanism of superconductivity on an iron pnictide must be comphcated. 

So far, several other groups of iron-based superconductors have been discovered, such as 
74eFe2As2 (abbreviated as the 122-system, Ae = alkali earth metals),^ LiFeAs (abbreviated 
as the Ill-system),^ tetragonal FcCh (abbreviated as the 11-system, Ch = chalcogenides) ,^ 
and (M2Pn2)(Sr4Sc206) (abbreviated as the Sc-22426 system, M = Fe, Ni).^ In particular, 
the 11-systcm superconductors, such as FeSei_a;,'*'^ FeSci-ajTe^:,'^ and FeTei-ajS^:,^ are greatly 
important materials in understanding the mechanism of the superconductivity on the iron- 
based superconductors owing to their simple structure. 

FeSei_a;, which exhibits superconductivity at Tc = 8 K, has a tetragonal PbO-type struc- 
ture {Pi/nmm) composed of the stacked FcSe layers along the c-axis."* The superconduc- 
tivity on FeSei-a; is significantly affected by applied pressure^' ^ and chalcogenide substitu- 
tions.''''^ Especially, applied pressure only up to 4.15 GPa drastically enhances its Tc to ~ 37 K 
(d InTc/dP ~ 0.91).^ The pressure effect of the superconductivity on FeSei_a; is larger than 
that of the other iron-based superconductors, e.g., of LaFeAsOi_a;Fa; increases to 43 K 
under a high pressure of 4 GP (d InTc/dP ~ 0.16).^'^ 

For a profound understanding of the mechanism of superconductivity on the iron-based 
superconductors, it is important to study the upper critical field (/Uoi^c2) because the /Uoi^c2 
provides information about such as the coherent length, the anisotropy, and the pair-breaking 
mechanism. Transport measurements of high-Tc cuprate superconductors in very high mag- 
netic fields have brought about useful information on not only the /v,o-f^c2 but also the nature 
in the vicinity of the quantum phase transition point. ^""^ In the present study, we focus on the 
Te-substituted iron-chalcogenide FeSeo.25Teo.75 and report the /Uoi^c2 ^ ^ function of tem- 
perature in this compound, which shows the highest value of the upper critical field among 
the 11-systems.^ The iiqHc2S> of the 1111- and the 122-systems have been already studied in 
high mag netic fields. 13 

our knowledge, however, high magnetic field properties of the 
11-system have not been reported yet. 

Polycrystalline samples of FeSeo.25Teo.75 were prepared using a solid state reaction method 
as described in Ref. 14. We prepared the sample with a typical dimension of 4.0x0.4x0.4 mm^ 
for the electrical resistivity {p) measurements. The current (/) direction was parallel to the 
magnetic field [H) and the longitudinal direction of the sample. The temperature dependence 
of p was measured using a conventional dc four-probe technique in dc magnetic fields up to 
7 T with a SQUID magnetometer (MPMS-XL7, Quantum Design). The p in pulsed magnetic 
fields up to 55 T was measured by utilizing a non-destructive pulsed magnet at the High 
Magnetic Field Laboratory, KYOKUGEN in Osaka University. The duration of the pulsed 
magnetic field was about 40 msec. 

Figure 1 shows the temperature dependence of p of FeSeo.25Teo.75 in dc magnetic fields up 
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Fig. 1. (Color online) Temperature dependence of the electrical resistivity of FeSeo.25Teo.75 in dc 
magnetic fields up to 7 T. The inset displays the temperature dependences of resistive upper 
critical field iiqHc2{T) at three defined temperatures. The dashed lines are linear fits to the data. 



to 7 T with an increment of 1 T (H \\ I). We define three characteristic temperatures of the 
superconducting transition: the onset temperature T°^^^^ (90 % of the normal state resistivity 
Pn{H,T)), the mid-point temperature T™'^ (50 % of pn{H, T))), and the zero-resistivity tem- 
perature T^^^° (10 % of Pn{H, T))) according to the definition reported in Ref. 12. The values of 
Tc at T were determined to be T°°"°*(0) = 14.2 K, T^'^^iO) = 13.7 K, and T^^^™(0) = 13.2 K, 
which are comparable to those reported before.'' The Tc decreases with increasing magnetic 
field. We plot the upper critical field (/io-f^c2) at the above three defined temperatures in the 
inset of Fig. 1. The curves of ^o-H'-T;"'"""* and poH-T^''^ are almost linear in temperature, 
but that of poH-Tc'^™ shows a slightly upturn curvature near T. The slopes of poHc2 at 
jxjnset^Q^)^ r™'<^(0), and rc^°™(0) indicated by dashed lines in the inset of Fig. 1 are -13.7, 
— 10.1, and —6.9 T/K, respectively. The slope at T°'^'^'^*(0) of this compound is steep against 
its Tc in comparison with those of the other FeAs-based superconductors,^^ e.^., —4.2 T/K 
for LaFeAsO0.93F0.07 (7;°°''* = 25 K) and -6.3 T/K for (Bao.55Ko.45)Fe2As2 (T"'^'^"* = 32 K), 
as shown in Table I. Based on the conventional one-band Werthamer-Helfand-Hohenberg 
(WHH) theory, which describes the orbital pair-breaking field (the zero-temperature upper 
critical field) of dirty type-II superconductors,^^ the pqH°^ at T is expressed by 

PoH°^{0) = -OmTc{dpoHc2/dT)\T^. (1) 

Then, we can obtain poH°^^''\0) = 134 T, poHg'^{0) = 95.9 T, and poH^^'°{0) = 62.1 T. 
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Fig. 2. (Color online) Electrical resistivity p{H) as a function of magnetic field up to 55 T at desig- 
nated temperatures. The current direction is parallel to the field direction. 

Table 1. Upper critical field data of selected iron pnictidcs (onset) in Ref. 13 and the present sample 
(onset, mid-point, and zero-resistivity). fioH°2^{0), poHp{0), and ^o^^c2(0) are the orbital (the 
WHH model), the Pauli, and the paramagnetically limited field, respectively, ag, ai the Maki 
parameter (Aso = 0) defined as a = V2H°^^{Q)/Hp{0) and the fitted one, respectively. 



Compound 


Tc 


d/io^fc2/dr 




/Uo^p(O) 


/^oi^c"(0) 


"0 


ai 




(K) 


(T/K) 


(T) 


(T) 


(T) 






LaFeAsO0.93F0.07 


25.0 


-4.2 


72 


305 


69 


0.3 




(Bao.55Ko.45)Fe2As2 


32.0 


-6.3 


138 


130 


76 


1.5 




onset 


14.2 


-13.7 


134 


26.4 


18.4 


7.2 


2.5 


mid-point 


13.7 


-10.1 


95.9 


25.5 


17.8 


5.3 


1.8 


zero-resistivity 


13.2 


-6.9 


62.1 


24.0 


16.2 


3.7 


1.4 



The results of the high- field resistivity as a function of magnetic field (H \\ I) in the 
temperature range from 1.4 K to 16 K are shown in Fig. 2. Below Tc, the superconductivity is 
suppressed by magnetic field. It is clear that the p{H, T) curves are shifted to lower magnetic 
fields upon increasing temperature. The values of p{H, T) in the normal state just above 
the critical field are nearly constant independent of temperature. Magnetoresistance {p{H) — 
/9(0))/p(0) in the normal state (above Tc) is almost zero, as seen in the results of Fig. 1 above 
about 15 K. Similar results were also reported in other iron-based superconductors.^^ Here, we 
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Fig. 3. (Color online) Field-temperature [H-T] phase diagram for the polycrystalline sample of 
FeSeo.25Teo.75. Solid and dashed lines show the WHH model and the fitted ones by Eq. (4), 
respectively. 



defined three characteristic fields: the high-field onset of superconducting transition ^qH°2 
(90 % of pn), the mid-point field ^J.oH^^'^ (50 % of /On), and the zero-resistivite field fJ-oH^f^" 
(10 % of pn). At 1.4 K, the resistive critical fields are /io-^^cT''* ~ 46 T, fioH^''^ ~ 44 T, and 
/xo-f^cl™ ~ 40 T. Using the results of magnetic field and temperature dependences of p in dc 
and pulsed magnetic fields, we illustrated the field-temperature (poH-T) phase diagram for 
the present sample as shown in Fig. 3. The upper critical fields exhibit a saturation behavior 
at low temperature, as observed in most strongly disordered iron-based superconductors.^^ 
On the contrary, it was reported by Hunte et al}"^ that the upper critical fields of the 1111- 
system LaFeAsOo.ggFo.ii exhibit upturn behavior, which is expected theoretically in dirty 
two-gap superconductors.^^ The extrapolated zero-temperature upper critical fields of the 
present sample are significantly smaller than those of the WHH model as indicated by the 
solid lines in Fig. 3. The temperature dependence of the upper critical field empirically obeys 
the following relationship, ij,qHc2{T) / iioHc2{0) = 1 — (T/Tc)^. Usually, the upper critical fields 
of the disordered superconductors deviate from the WHH curve and become smaller than those 
expected from the WHH model at low temperatures.^'^ 

In the following, we discuss the suppression of the upper critical fields. In the standard 
BCS model, orbital effects limit the emergence of superconductivity and the superconductivity 
is destroyed when the kinetic energy of the charges exceeds the condensation energy of the 
Cooper pairs. The zero-temperature critical field /io-ff°2^(0) expected from the WHH model is 
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given by Eq. (1). This critical field must be suppressed by some reason. Most plausible cause 
is the Pauli spin susceptibility. The Pauli spin susceptibility energy plays an important role in 
suppressing the superconducting state, especially in some heavy fermion systems. In the Pauli 
limit or the paramagnetic effects (called also the spin Zeeman effects), superconductivity is 
destroyed when the polarization energy of the spins exceeds the condensation energy due to 
partial alignment of the spins. The zero-temperature Pauli limiting field for weakly coupled 
superconductors is given by 

/xoi?p(0) = LSGTcVl + Aso = 1.06AoVl + Aso, (2) 

where Ago is the spin-orbit scattering constant, and Aq is the superconductivity gap (2Ao = 
3.52kBTc for the conventional weak-coupling superconductor). According to Maki,^^ the para- 
magnetically limited field is given by 



l,oH^,{0) = ^,oK^{^)/^/l + a\ (3) 

where a is the Maki parameter given by a = \/2H°2^ {Q) / H^{Q) , and H°2°{^) and -ffp(O) are 
calculated from Eqs. (1) and (2). It is obvious that a finite a suppresses the zero-temperature 
critical field /io-f^^2(0)- Accordingly, < Hp < H°2^ is fulfilled for a > \/2. For the present 
sample, the values of /7,oi^°|^(0), /Uo-f^p(O), /io-f^c2(0)) and ao for Ago = are shown in Table I. 
The onset value of iJ,oHp{0) for the present sample is about 1/5 of iJ,oH°2^{0), resulting in 
aQ=7.2 which is much larger than that for other two Fe pnictide samples in Table I. 

Within the WHH approach, the ^qHc2{T) curve depends sensitively on the magnitude of 
the Maki parameter. The suppression of the ^qHc2{T) near K is predicted with increasing 
a. Since the ag is calculated by using T^. and d/ioi?c2/dT at T^, it is difficult to estimate 
the /Lto-f^c2(0) from Eq. 3 accurately. Thus, under the assumption of Ago = 0, we estimate 
experimental values of the Maki parameter (ai) by fitting the ij,qHc2{T) data to the following 
equation given by, 

Moi?c2(T) = _ iT/T^f}. (4) 

The fitting results are indicated by the dashed lines in Fig. 3. The ijlqH'^^°{T) is in good 
agreement with the fitting line by Eq. 4, but the fj,oH°2^'^^{T) and the fi^H^'^iT) are not 
satisfactory. The values of ai are smaller than those of ao for all defined critical fields. Since 
the Maki parameter is defined as a = \/2i?°|'^(0)/i?p(0), it is expected that the decrease of 
a arises from the increase of i7p(0), suggesting the increase of Aq because the Ago is nearly 
zero as reported by Fuchs et al}"' Their report said that the effect of spin-orbit scattering 
on the upper critical field is expected to be rather weak for strongly disordered iron pnictide 
superconductors. In the ARPES (angle resolved photoemission spectroscopy) experiment on 
Bao.6Ko.4Fe2As2,^* a large superconductivity gap {2/S./kBTc ~ 7.5 at 7 K) was observed. The 
large superconductivity gap was also observed in strong-coupling high-Tc cuprates, such as 
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Bi-2212^^ and YBCO.^*^ These results suggest that the Aq of FcSeo.25Teo.75 is also larger than 
that for a conventional weak-coupling superconductor, indicating that the present compound 
is a strong-coupling superconductor. We have discussed the /ioi^c2 by the extended WHH 
model, but this model is devised for one-band superconductors. Therefore, we hope that these 
studies on the upper critical fields will stimulate construction of the theories for multi-band 
superconductors. 

In conclusion, we have investigated the upper critical fields ^qHc2{T) of the 11-system 
iron-chalcogenide superconductor FeSeo.25Teo.75 (Tc ~ 14 K). This compound shows very 
large initial slopes of ij,oHc2{T) at T°°"<='(0), T^''"^{0), and ''°(0) which are -13.7, -10.1, 
and —6.9 T/K, respectively. The experimental upper critical fields of the present sample 
are smaller than those expected from the WHH model. The suppression of ^qHc2 at low 
temperature requires a large Maki parameter, but the parameter is smaller than that cal- 
culated for a weak-coupling superconductor, indicating a large superconducting gap as ob- 
served in strong-coupling high-Tc cuprates. Consequently, these results suggest that the iron- 
chalcogenide FeSeo.25Teo.75 is a strong-coupling superconductor. 
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